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Stanford University School of Medicine channels vie for type-preferring "slots"-loci of interacStanford, California 94305 tion with specific Ca 2ϩ channel types that ultimately govern their synaptic efficacy? If so, does competition between normal and mutant channels contribute to the Summary dominant nature of Ca 2ϩ channelopathies? Clues about the possible existence of presynaptic Several human channelopathies result from mutations slots for Ca 2ϩ channels can be gleaned from morphologiin ␣ 1A , the pore-forming subunit of P/Q-type Ca 2؉ chancal studies of putative Ca 2ϩ channel organization at nels, conduits of presynaptic Ca 2؉ entry for evoked transmitter release sites (Heuser et al., 1979). In whole neurotransmission. We found that wild-type human terminals (Robitaille et al., 1990) and now in individual ␣ 1A subunits supported transmission between cultured presynaptic active zones (Harlow et al., 2001), structural mouse hippocampal neurons equally well as endogework has suggested that Ca 2ϩ channels are kept within nous mouse ␣ 1A , whereas introduction of impermeant requisite proximity of synaptic vesicles through interachuman ␣ 1A hampered the effect of endogenous subtions with active zone structures (Stanley, 1997). Biounits. Thus, presynaptic P/Q-type channels may comchemical studies have revealed specific molecular interpete for channel type-preferring "slots" that limit their actions between intracellular domains of Ca 2ϩ channels synaptic effectiveness. The existence of slots generand cytoplasmic binding partners (Catterall, 1999 we tested by studying ␣ 1A mutations that are associchannels and molecules in the synaptic cleft (Sunderated with familial hemiplegic migraine type 1 (FHM1).
land et al., 2000). Notable are the synaptic protein interMutant human P/Q-type channels were impaired in action (synprint) sites in the II-III loops of ␣ 1 subunits of contributing to neurotransmission in precise accord N-and P/Q-type channels, which support binding to with their deficiency in supporting whole-cell Ca 2؉ SNARE proteins (Catterall, 1999) . Disruption of this interchannel activity. Expression of mutant channels in action reduced the effectiveness of these Ca 2ϩ channels wild-type neurons reduced the synaptic contribution in triggering transmitter release (Catterall, 1999) . The of P/Q-type channels, suggesting that competition for trafficking of N-type channels to nerve terminals detype-preferring slots might support the dominant inpends on synprint/SNARE interactions ( Figure 1C , the pharma-EGFP and WT human ␣ 1A . We then used paired patchclamp recordings to study synaptic properties, focusing cology of transmission in the wt (mouse) ϩ WT (human) group was similar to that of wt group. In particular, the on transmission from transfected, EGFP-positive presynaptic neurons to untransfected postsynaptic neucontribution of P/Q-type channels to EPSCs was not significantly greater (p Ͼ 0.25). Nor were the amplitude rons ( Figure 1A) . Typically, eliciting a presynaptic spike resulted in an excitatory postsynaptic current (EPSC) distributions of P/Q-mediated EPSCs or overall EPSCs different between the two groups ( Figures 1D-1E ). This in the other neuron, in accord with the predominantly glutamatergic connections in these cultures. EPSCs suggested that strict limits exist on the number of P/Qtype channels that can be functionally coupled to the were rapid and could be completely eliminated by the AMPA receptor blocker NBQX (data not shown).
presynaptic release machinery, imposed by a fixed number of slots for such channels. On this view, slots are L-type Ca 2ϩ channels contributed little or nothing to hippocampal EPSCs (Takahashi and Momiyama, 1993; normally filled to capacity by mouse ␣ 1A subunits, so that delivery of extra ␣ 1A subunits cannot increase the data not shown). Accordingly, we focused on defining the contributions of non-L-type Ca 2ϩ channels, using contribution of P/Q-type channels overall. Figure 2 provides additional evidence supporting prethe sequential and cumulative application of the specific toxins -Conotoxin-GVIA (-CTx-GVIA), -Agatoxin-IVA synaptic slots for Ca 2ϩ channels. If such slots exist, Ca 2ϩ -impermeant ␣ 1A subunits should be able to com-(-Aga-IVA), and SNX482 to block N-, P/Q-, and R-type channels, respectively ( Figure 1B) Figure 1C ), endogenous N-and P/Q-type human ␣ 1A with quadruple glutamate to alanine substitution (E4A; Figure 2A ). When tested in HEK293 cells, the channels each accounted for ‫%54ف‬ of the EPSC, as seen in successive responses to -CTx-GVIA and then E4A mutant failed to support Ca 2ϩ influx in response to K ϩ -evoked depolarization ( Figure 2B ) or inward Ba 2ϩ -Aga-IVA. In contrast, at ␣ 1A Ϫ/Ϫ presynapses (ko), the P/Q-type blocker produced no detectable effect, as excurrent under whole-cell voltage clamp ( Figure 2C ). The deficiency was not due to altered intracellular trafficking pected ( Figures 1C and 1D) . In this case, neurotransmission was largely mediated by N-type channels (85% Ϯ of the mutant subunit, based on imaging analysis of Ϫ/Ϫ hippocampal neurons were used as the platform of biophysical properties in FHM1 mutants merit further study. for expressing wild-type or FHM1 mutant ␣ 1A constructs, to avoid interference from endogenous P/Q-type channels. All four of the original FHM1 mutants displayed FHM1 Ca 2؉ Channels Are Deficient in Mediating Excitatory Neurotransmission median current densities that were substantially less than those generated by WT P/Q-type channels at a test Having found that FHM1 mutations diminished wholecell P/Q-type current, we went on to study their effects voltage of ϩ10 mV ( Figure 3C ). RQ and TM mutations gave the largest current reductions (decreases averagon synaptic transmission in paired patch-clamp recordings. As expected, the majority of these synaptic ing 85% and 80% relative to WT), while VA and IL gave less severe effects (reductions averaging 54% and 47%, connections (80%) were excitatory. The relative contri- butions of N-, P/Q-, and R-type Ca 2ϩ channels to EPSC Having found that the FHM1 mutant channels were deficient in their fractional contribution to excitatory amplitude were determined by sequential and cumulative application of inhibitors ( Figure 4A) . At synapses transmission, we also looked for an absolute size difference in the P/Q-dependent component of the EPSC, a expressing WT human ␣ 1A , EPSCs were reduced by more than 60% upon blockade of P/Q-type channels. In conmore difficult comparison because of the large variability in EPSC size in paired recordings. When amplitude trast, at synapses expressing FHM1 mutant channels, P/Q-type channels accounted for less than 30% of the distributions of the -Aga-IVA-sensitive portion of EPSCs were plotted without normalization, the P/Q EPSC amplitude. In all cases, the N-type channels assumed a dominant role, similar to that in ␣ 1A Ϫ/Ϫ neurons. component of the EPSC was significantly smaller in mutant groups than in WT ( Figure 4C ). However, no statistiBlocking R-type channels had only a minor effect on synaptic transmission, which did not differ significantly cally significant change in the overall EPSC amplitude was ever observed ( Figure 4D ). This indicated that the in neurons expressing any of the human ␣ 1A constructs.
In comparing individual FHM1 mutations, it was clear deficit of FHM mutations was manifested as a shift from reliance on P/Q-type channels to dependence on N-type that the deficits in neurotransmission correlated well with the severity of current reduction. For example, the channels, rather than a decrease of overall excitatory synaptic strength. RQ mutation caused the most severe deficit in the -Aga-
IVA-sensitive component of EPSCs (Ͻ10%) along with
The impact of toxins on synaptic transmission depends on their order of application, the first blocking the biggest reduction of current density ( Figures 3C and  3D) Figure 5A ). -Aga-IVA paired ability to contribute to transmitter release (Figure 7C) .
blocked 88% Ϯ 5% of the EPSC at synapses expressing WT ␣ 1A but only 45%-65% of the EPSC at synapses such a mechanism account for the dominant inheritance of FHM1? Might FHM1 subunits compromise the impact expressing RQ or TM mutants, a significant difference (p Ͻ 0.05; Figure 5B ). These data provided corroboration of wild-type subunits by competing with them for slots, that FHM1 mutant channels were deficient in mediating thereby exerting a dominant-negative effect? To begin excitatory transmission. Once again, the fractional conto address these questions, we expressed FHM1 mutant tribution of N-type channels was significantly increased ␣ 1A subunits in the presence of endogenous P/Q-type in neurons expressing mutant channels (RQ, 42% Ϯ 8%; channels, in cultured ␣ 1A ϩ/ϩ neurons. As in the case of TM, 26% Ϯ 3%) compared with WT (8% Ϯ 4%). The the E4A mutant, we first tested how expression of FHM1 absolute size of the N-type channel-mediated EPSC was mutants influenced whole-cell Ca 2ϩ channel activity. In significantly bigger in the TM group than in WT (Figure neurons overexpressing RQ or TM ␣ 1A , P/Q-type Ba 2ϩ 5C), while the overall strength of transmission was no current density averaged 16 Ϯ 4 and 19 Ϯ 3 pA/pF different ( Figure 5D ). This reinforced the idea that the ( Figure 6A ), if anything a mild increase relative to control deficit of FHM1 mutants at presynaptic terminals led neurons expressing EGFP alone (12 Ϯ 2 pA/pF) but not somehow to a greater reliance on N-type channels. Unstatistically significant (p Ͼ 0.1). Thus, the function of fortunately, parallel comparisons could not be made for endogenous P/Q-type channels at somatodendritic the RQ group, because their overall EPSC amplitude sites was not adversely affected by coexpression of distribution happened to be much smaller than that of FHM1 mutants. WT group (data not shown), atypical of the larger data The critical issue was whether expression of RQ or set in Figure 4D .
TM influenced the overall contribution of P/Q-type chanThe maintenance of overall EPSC amplitude would be nels to synaptic transmission in ␣ 1A ϩ/ϩ neurons. Indeed, in keeping with the operation of a homeostatic mechathe fraction of P/Q-mediated EPSCs was lowered signifinism for preservation presynaptic P r . We therefore meacantly by expression of either RQ or TM ( Figure 6B ). sured PPF to assess possible changes in P r (Table 1) .
Relative to the ‫%05ف‬ blockade by -Aga-IVA at ␣ 1A ϩ/ϩ
Neurons expressing WT or FHM1 mutant channels both synapses transfected with EGFP or WT ␣ 1A , the toxin showed PPF, but no significant difference was found decreased EPSC amplitude by only 22% Ϯ 3% or 27% Ϯ between these groups. Thus, expression of FHM1 mu-3% at synapses expressing RQ or TM (each p Ͻ 0.05). tants left P r unchanged, in concordance with the preserThus, similar to the E4A mutant, FHM1 mutants seemed vation of EPSC amplitude.
to compete with endogenous P/Q-type channels for a limited set of slots that ended up coupled to vesicular exocytosis, rendering excitatory neurotransmission with Possible Mechanisms Underlying Dominant the mixed population of P/Q-type channels less P/Q Inheritance of FHM1 dependent. N-type channels became responsible for the The deficits of the four FHM1 mutants as channels lion's share of synaptic transmission (81% Ϯ 5% and seemed consistent with the loss of function that they produced in P/Q-triggered neurotransmission. Could 66% Ϯ 3% for RQ and TM, respectively, versus 46% Ϯ from hippocampal slice experiments to describe the resubunits, in keeping with the dominant inheritance patlationship between Ca 2ϩ influx and EPSC size (smooth tern of FHM1. However, we note that mutants were excurve, Figure 7B ), we estimated that WT P/Q-type chanpressed at several-fold higher levels than endogenous nels contributed 71% of the presynaptic Ca 2ϩ signal (see channels, a quantitatively different situation than that in the Supplemental Experimental Procedures at http://www. an individual with a 1:1 mix of mutant and normal alleles.
neuron.org/cgi/content/full/43/3/387/DC1). We then in- Figure 6C shows that the overall EPSC amplitude distrivoked the slot hypothesis to predict how properties of bution was similar across all experimental groups (p Ͼ synaptic transmission would change if activity-deficient 0.29), indicating that overall synaptic strength was well P/Q-type channels replaced normal ones. For example, maintained despite the presence of defective P/Q-type impermeant P/Q-type channels could take up some of channels.
the presynaptic P/Q slots that are normally occupied by wild-type channels in ␣ 1A ϩ/ϩ neurons ( Figure 7A , right), A Quantitative Slot Model for Relating Ca 2؉ or functionally deficient P/Q-type channels could ocChannel Defects to Altered Synaptic Transmission cupy all the P/Q slots when transfected into ␣ 1A Ϫ/Ϫ syn-A simple model was used to explore the functional impliapses. Either way, the contribution of P/Q-type channels cations of Ca 2ϩ channel slots (Figure 7) . The model to release site Ca 2ϩ flux would be correspondingly rebuilds on the well-accepted idea that exocytosis of duced. docked synaptic vesicles is jointly controlled by multiple Figure 7C shows Additional modeling was carried out for FHM1 or E4A synapses from ␣ 1A Ϫ/Ϫ mice display a similar elevation of mutant channels that were expressed in the context of miniature EPSC frequency as well as enhanced presynwild-type channels ( Figure 7D) . We simulated the behavaptic vesicular turnover in response to ionophore-mediior of the heterogeneous mixture of mouse wt and defecated Ca 2ϩ delivery (Piedras-Rentería et al., 2004). Comtive human ␣ 1A subunits by using whole-cell currents pensation to maintain P r is consistent with the lack of to gauge how well wt ϩ FHM1 or wt ϩ E4A channels change in PPF in our own experiments (Table 1) . supported Ca 2ϩ channel activity relative to wt ϩ WT (Figures 2D and 6A ; P/Q group). The hypothesis was that Discussion wt (mouse) channels were decreased in effectiveness through numerical dilution by less active (FHM1) or imPresynaptic Slots for P/Q-Type Channels permeant (E4A) P/Q-type channels. The quantitative We obtained multiple lines of evidence for the existence modeling assumed that each of the P/Q-type channel of presynaptic slots for P/Q-type Ca 2ϩ channels at CNS variants was expressed to the same degree in somatosynapses. The most compelling result involved the exdendritic regions and was equivalently effective in compression of Ca 2ϩ -impermeant ␣ 1A subunits in ␣ 1A ϩ/ϩ neupeting for synaptic slots, regardless of its ability to suprons, which caused a significant drop in the P/Q depenport Ca 2ϩ entry. The predicted relationship between dence of transmission. This implied that impermeant ␣ 1A deficiency in whole-cell Ca 2ϩ channel activity and the subunits were able to compete with normally permeant proportion of P/Q-mediated neurotransmission agreed ones for interactions that led to localization near the reasonably well with experimental data. release machinery. In contrast, impermeant ␣ 1A failed to Further modeling gave insight into another fundamenreduce somatodendritic Ca 2ϩ channel activity, ruling out tal observation, the preservation of the overall strength general effects on ␣ 1A synthesis or auxiliary subunit availof transmission when FHM1 ␣ 1A subunits were exability. Thus, the attenuated role of P/Q-type channels pressed in place of wild-type ␣ 1A ( Figure 4D ). Our slot in neurotransmission can be safely attributed to impermodel considered two widely different mechanisms of meant P/Q-type channels taking up slots that would homeostasis to account for the near constancy of synnormally be occupied by permeant channels, thereby aptic strength despite the strong decrease in the -Agatilting the balance in favor of other channel types.
IVA-sensitive component (Figure 7F). In model 1, slots
Having found that human ␣ 1A can compete for slots for N-, P/Q-, and R-type channels are specific and fixed in mouse presynaptic terminals, we asked whether these in number, but synaptic efficacy is maintained by an slots are normally filled to capacity. We expressed WT overriding compensatory mechanism for controlling P r .
human ␣ 1A subunits at levels several-fold higher than This was modeled by allowing the sum total of Ca Figures 7C and 7E) . The predictions sions derived validity from the fact that P/Q-type chanagreed reasonably well with results of applying -CTxnels, while dominant, contributed less than 100% to GVIA first ( Figure 7C ) but disagreed substantially with basal neurotransmission. If basal transmission had been data with -Aga-IVA as the first blocker ( Figure 7E ). The wholly supported by one channel type, consistent with model predicted only an ‫%02ف‬ contribution of P/Q to only one kind of slot, no change in percentage would the EPSC, whereas 45%-60% was observed experimenbe expected with impermeant subunits or with overextally for RQ and TM. pression of wild-type subunits against either a wild-type On this basis, we favor the idea that hippocampal or knockout background. The fractional contribution synapses expressing activity-deficient P/Q-type chanwould have remained pinned at 100% regardless. nels maintain their strength by an overriding homeoInsights into the nature of the competition for slots static mechanism for controlling P r , in preference to an emerge from elegant experiments by Mochida and colincreased Ca 2ϩ flux through N-type channels. According leagues on transmission between pairs of sympathetic to this scenario, the global compensation accounts for neurons (Mochida et al., 2003a (Mochida et al., , 2003b . Endogenous the finding of an absolute increase in N-dependent transmitter release was exclusively mediated by N-type EPSC ( Figure 5C ). Compensation like that in model 1 channels, but exogenous channels were able to support may occur at the neuromuscular junction (NMJ) of tottransmission to widely varying degrees (P/Q-type Ͼ tering (tg) mice, in which ␣ 1A contains a missense muta-R-type ϾϾ L-type), in close correlation with their ability tion that decreases P/Q-type Ca 2ϩ current (Wakamori to undergo intracellular trafficking to synaptic sites. Inet al., 1998). The frequency of spontaneous miniature sertion of the synprint region of ␣ 1A subunits into the EPSCs was significantly increased at tg NMJ relative to wild-type mice (Plomp et al., 2000) . Hippocampal II-III loop of ␣ 1C subunits rendered them capable of traf- 
Prevalence of Synaptic Compensation
We think it unlikely that levels of expression are the source of the discrepancy between the knockin data and Implications for Neuromodulation Another consistent feature of our data was the preservaand our own experiments, for multiple reasons. First, the behavior of mutant channels was always directly tion of overall synaptic strength despite the shift away from P/Q-type predominance. This underscored the imcompared with that of wild-type human channels in the same expression system. Second, wild-type and mutant portance of synaptic compensation, like that previously reported in ␣ Toru, S., Murakoshi, T., Ishikawa, K., Saegusa, H., Fujigasaki, H., Uchihara, T., Nagayama, S., Osanai, M., Mizusawa, H., and Tanabe,
